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The evolutionarily conserved ATP-dependent nucleosome
remodelling factor ISWI can space nucleosomes affecting a
variety of nuclear processes. In Drosophila, loss of ISWI
leads to global transcriptional defects and to dramatic
alterations in higher-order chromatin structure, especially
on the male X chromosome. In order to understand
if chromatin condensation and gene expression defects,
observed in ISWI mutants, are directly correlated
with ISWI nucleosome spacing activity, we conducted a
genome-wide survey of ISWI binding and nucleosome
positioning in wild-type and ISWI mutant chromatin.
Our analysis revealed that ISWI binds both genic and
intergenic regions. Remarkably, we found that ISWI
binds genes near their promoters causing specific altera-
tions in nucleosome positioning at the level of the
Transcription Start Site, providing an important insights
in understanding ISWI role in higher eukaryote transcrip-
tional regulation. Interestingly, differences in nucleosome
spacing, between wild-type and ISWI mutant chromatin,
tend to accumulate on the X chromosome for all ISWI-
bound genes analysed. Our study shows how in higher
eukaryotes the activity of the evolutionarily conserved
nucleosome remodelling factor ISWI regulates gene
expression and chromosome organization genome-wide.
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Introduction
The eukaryotic cell has evolved regulatory mechanisms to
change chromatin structure and to adapt to specific transcrip-
tional programmes in response to a variety of environmental
and cellular stimuli. Chromatin covalent modifiers catalyse
specific post-translational modifications of the histones
amino- and carboxy-terminal tails (Kouzarides, 2007), while
chromatin remodelling complexes use the energy of ATP
hydrolysis to change nucleosome positions or to incorporate
histone variants into chromatin (Eberharter and Becker, 2004;
Saha et al, 2006). These modifications set different chromatin
functional states that contribute to local chromatin structure
and gene expression profiles (Imhof, 2006; Martin and
Zhang, 2007).
ISWI is the catalytic subunit of several ATP-dependent
chromatin remodelling complexes, conserved in composition
and function across species (Corona et al, 2004; Dirscherl and
Krebs, 2004). In higher eukaryotes, ISWI is an abundant and
ubiquitously expressed protein that is essential for cell via-
bility (Deuring et al, 2000; Stopka and Skoultchi, 2003;
Arancio et al, 2010). In vitro, ISWI uses the energy of ATP
hydrolysis to catalyse nucleosome spacing and sliding
reactions (Corona et al, 1999). Loss of ISWI function in
Drosophila results in dramatic chromosome condensation
defects and in the reduction of chromatin-bound histone H1
levels, suggesting that ISWI has a general role in chromosome
condensation in vivo by promoting the loading of the linker
histone H1 on chromatin (Deuring et al, 2000; Lusser et al,
2005; Corona et al, 2007; Siriaco et al, 2009).
Genetic and biochemical studies have also supported a role
for ISWI in promoting transcription (Corona and Tamkun,
2004; Dirscherl and Krebs, 2004). However, the preferential
association of ISWI with transcriptionally silent chromatin
and microarray gene expression studies have suggested that
ISWI also has an important role in transcriptional repression
(Deuring et al, 2000; Corona et al, 2007). Indeed, works
conducted in several model organisms have shown that
ISWI family complexes appear to both activate and repress
transcription (Corona and Tamkun, 2004). However,
to date, how ISWI chromatin binding and its associated
nucleosome remodelling activity can influence chromatin
condensation and gene expression in higher eukaryotes is
poorly understood.
In order to determine if changes in nucleosome spacing
could account for chromosome condensation and transcrip-
tion defects observed in ISWI mutants, we conducted a
genome-wide identification of ISWI chromatin-binding sites
and nucleosome spacing activity in the higher eukaryote
Drosophila melanogaster. Our analysis revealed that ISWI
has B1200 high-affinity chromatin-binding sites, in both
genic and intergenic regions. In particular, we identified a
number of ISWI-binding elements (IBE) corresponding toReceived: 10 June 2010; accepted: 25 February 2011
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specific ISWI–DNA-binding consensus motifs. Remarkably,
we found that ISWI tends to bind genes near their transcrip-
tion start site (TSS) causing alterations in nucleosome posi-
tioning after the TSS, providing an important insight in
understanding ISWI role in higher eukaryote transcriptional
regulation. Surprisingly, global changes in nucleosome
spacing caused by loss of ISWI activity does not seem to be
directly correlated with the X chromosome condensation
defects observed in ISWI mutants (Deuring et al, 2000).
However, when looking at differences in nucleosome spacing
only on all ISWI-bound genes, they tend to accumulate on the
X chromosome. Indeed, we found a significant enrichment of
ISWI binding on genes mapping the X chromosome. In
particular, we found that ISWI is active on dosage compen-
sated genes in order to keep their TSS nucleosome free. Our
study reveals how higher eukaryote transcription and
chromosome organization is regulated genome-wide by the
activity of the chromatin remodelling factor ISWI.
Results
ISWI binds chromatin near the TSS
Virtually, all we know about ISWI function in vivo derives
from studies conducted in Drosophila larval tissues (Corona
and Tamkun, 2004). We reasoned that the genome-wide
identification of ISWI chromatin-binding sites in larvae
could provide some important insights in order to understand
the transcription and chromosome condensation defects ob-
served in ISWI mutants. Therefore, we sought to identify
ISWI chromatin target sites across the D. melanogaster
genome by chromatin immunoprecipitation (ChIP) in larvae.
Larval chromatin was immunoprecipitated (ChIPISWI) using
the highly specific affinity purified anti-ISWI antibody and
hybridized against the input chromatin on a set of tiled arrays
covering the entire Drosophila genome with an average probe
spacing of 100 bp.
We quantified ISWI enrichment over the fly genome using
a ‘peak score’ function that takes into account the length and
intensity of the normalized raw log2(ChIP
ISWI/input) signals.
Our analysis identified 1176 distinct ISWI-enriched chromatin
regions corresponding to discrete ISWI peaks, mapping 925
unique gene loci and 141 intergenic regions with an average
peak length of B500 bp (Supplementary Table S1A;
Supplementary Figure S1). Since, ISWI has an important
role in both transcriptional activation and repression
(Corona and Tamkun, 2004; Dirscherl and Krebs, 2004), we
mapped ISWI binding relative to the TSS of genes present in
the proximity of ISWI peaks. Remarkably, we found that ISWI
preferentially binds genes near their regulatory regions with
an average peak at about B300 bp after the TSS (Figure 1A).
Although the majority of ISWI peaks maps in the proximity of
the TSS (for specific examples, see Figure 1B–E), we also
found the presence of many ISWI peaks at the level of exons,
introns and at the 30-end of several genes (Supplementary
Figure S2).
ChIP-on-chip data on total larval chromatin were validated
on salivary gland chromatin immunoprecipitated with the
affinity purified anti-ISWI antibody (Deuring et al, 2000), and
analysed by semi-quantitative RT–PCR using specific primers
for the representative ISWI-enriched regions identified in
total larval chromatin (compare Figure 1B–E with
Supplementary Figure S3). Next, we checked whether ISWI-
binding sites with higher peak scores values correlated with a
specific TSS distance or gene functional element (i.e. promo-
ter, promoter–exon boundary, exon, exon–intron boundary,
intron and intron–exon boundary). Although we could not
find a direct correlation between peak score values and TSS
distance for each specific gene functional element analysed
(Supplementary Figure S4A–G), we found that ISWI binding
at the promoter–exon boundary regions tend to correlate with
higher peak scores (Supplementary Figure S4H). Collectively,
our data suggest that in higher eukaryotes, ISWI could
regulate gene expression by remodelling chromatin near
gene regulatory regions in the proximity of the TSS.
Indeed, when we intersected genes whose expression
changes at least  1.5-fold in ISWI mutant larvae, obtained
from previous array expression data (Corona et al, 2007),
with ISWI-bound genes, we found B50% of overlap
(Supplementary Table S1B; for specific examples, see Figure
1C and D). However, this level of overlap dropped to B10%
when we looked at genes that change their expression in ISWI
mutant larvae at least  4-fold (Supplementary Table S1C;
Figure 1C and D) (Corona et al, 2007). While ChIP data are
the result of bona fide chromatin protein binding, array
expression data underlie direct and indirect transcriptional
effects caused by the loss of the chromatin protein studied.
Therefore, the two biological processes (binding versus
activity) do not have to necessarily overlap. Indeed, data
coming from ISW2, the yeast homologue of ISWI, have
shown that ISW2 chromatin recruitment is poorly correlated
with genes whose expression is dependent on ISW2 activity
(Gelbart et al, 2005). In yeast, ISW2 chromatin binding was
shown to be transient and, as a result in certain genes, ISW2
binding could not be detected above background in ChIP
experiments (Gelbart et al, 2005). To circumvent these
problems, a catalytically inactive ISW2 was used to block
chromatin remodelling, leading to persistence of a normally
transient ISW2 recruitment (Whitehouse et al, 2007).
A K159R substitution in the putative ATP-binding pocket of
Drosophila ISWI reduces ATPase activity to background levels
without affecting ISWI complex formation (Deuring et al,
2000). However, when we compared fly stocks expressing
wild-type ISWI or the catalytically inactive ISWIK159R, we did
not appreciate significant differences in the distribution and
intensity of the wild type and the catalytically inactive ISWI
on interphase polytene chromosomes (Supplementary Figure
S5). Therefore, we reasoned that the partial overlap existing
between ISWI-bound genes and genes whose expression
change greatly in ISWI mutant larvae are likely due to
changes in gene expression that are indirectly caused by
ISWI loss (Corona et al, 2007). In alternative, we cannot
exclude that for some genes ISWI could locally regulate their
expression not based on an in cis association, but in trans
through tridimensional chromatin interactions, thus explain-
ing the low correlation we observe between ISWI binding and
its transcriptional activity.
ISWI binds several DNA consensus motifs on chromatin
Our data show that ISWI binding near gene regulatory
regions tend to correlate with higher peak score values.
Given the high ‘peak score’ values obtained for ISWI-binding
sites near the TSS, we also reasoned that ISWI could prefer-
entially bind specific DNA consensus motifs at the level of
gene regulatory regions. Therefore, we used motif discovery
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Figure 1 ISWI chromatin binding is enriched after the transcription start site (TSS). (A) The density of ISWI-enriched genomic sequences is
plot relative to the distance from the TSS of nearby genes. ISWI on average tends to bind with a peak (red arrow) at about B300 bp after the
TSS. (B) Representative example of a gene bound by ISWI at the level of the promoter–exon region. As expected, ISWI also binds genes whose
expression is (C) increased or (D) decreased in ISWI mutant larval tissues relative to wild-type levels (for a complete list, see Supplementary
Table S1B and C) (Corona et al, 2007). (E) ISWI binds near the TSS of genes involved in nurse cell apoptosis. ISWI enrichment is proportional to
the normalized raw log2(ChIP
ISWI/input) red signals reported to the right y axis. The thick black bars highlight ISWI peaks. The peak score
values of ISWI peaks are reported to the left y axis. Exons are represented by filled-in boxes, introns by a continuous line, while the 50- and 30-
UTRs by thick lines. The transcription direction for each gene can be deduced by the repeated small blue arrows present in the intron segments.
Genes bound by ISWI are shown in red.
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scan (MDscan) (Liu et al, 2002), a robust motif discovery
tool, to search for potential consensus ISWI–DNA interaction
modules. Our analysis resulted in the identification of a
variety of IBE, corresponding to DNA sequence motifs asso-
ciated directly or indirectly with ISWI in the context of
chromatin. In particular, we found that ISWI binds several
4–5 letter IBE that are positively correlated with the ‘peak
score’ function, strongly indicating that the identified motifs
are likely associated with ISWI binding (Figure 2A).
Using multiple EM for motif elicitation (MEME), another
motif searching algorithm (Bailey et al, 2006), we identified
similar IBE that contained a subset of the motifs found with
MDscan (Figure 2B–F). Interestingly, one of the top motifs
identified with both algorithm corresponds to the GAGA
factor (encoded by the Gaf/Trl gene) consensus sequence
GAGAGA (Figure 2B). Noteworthy, the ISWI-containing mul-
tisubunit complex NURF was isolated based on its ability to
recruit the GAGA factor to its target sites on chromatin in vitro
(Tsukiyama and Wu, 1995). However, double label immuno-
fluorescence microscopy has also shown that both GAGA
factor and ISWI are associated with hundreds of sites in the
euchromatin of polytene chromosomes, but the distribution
of the two proteins only partially overlaps (nearly 30% of
overlap) (Deuring et al, 2000). In line with the immunostaining
data, when we intersected the ChIP-on-chip data available for
the GAGA factor (Lee et al, 2008) with ISWI-binding sites, we
found that nearly 1/3 of the ISWI-bound genes we identified
were also bound by the GAGA factor (Supplementary Figure
S6A) with roughly an equal percentage of induced versus
repressed ISWI-regulated genes (Supplementary Figure S6B).
However, it is important to point out that this analysis does
not address whether the binding of GAGA factor and ISWI
occurs simultaneously or are mutually exclusive. In conclu-
sion, our motif discovery analysis on ISWI-bound DNA
sequences did not find a single consensus sequence, but
instead it allowed us to identify a collection of IBEs that
probably reflects the variety of factors that may recruits ISWI
(Figure 2B–F), that are associated with it or that can be
targeted to specific chromatin loci by the remodelling activity
of ISWI.
ISWI remodels nucleosomes after the TSS
Our ChIP-on-chip data revealed that ISWI preferentially binds
near the TSS; however, this analysis did not tell us whether
ISWI-enriched chromatin regions corresponded to active sites
of chromatin remodelling. To answer this question and to
determine if the transcription and chromosome condensation
defects observed in ISWI mutant larvae could be directly
correlated with ISWI chromatin remodelling alterations, we
conducted a genome-wide identification of nucleosome
Figure 2 Identification of ISWI-binding elements (IBE). (A) DNA consensus motif corresponding to IBE identified with MDscan where
correlated with the ‘peak score’ function using the Spearman’s correlation index. The Spearman’s rank assesses how well the relationship
between two variables can be described using a monotonic function. The positive Spearman’s correlation index values we obtained indicate
that the number of occurrences for every analysed IBE within each ISWI-bound DNA sequence increases as a function of the ‘peak score’,
strongly indicating that the identified motifs are likely associated with ISWI binding. (B–F) The top five motifs identified with multiple EM for
motif elicitation (MEME) along with their putative D. melanogaster DNA-binding factors are shown. These logos are a graphical representation
of DNA multiple sequence alignment. Each logo consists of a series of stacks of the four DNA deoxynucleotide (A, T, G, C), one stack for each
position in the sequence. The overall height of the stack indicates the sequence conservation at that position, while the height of symbols
within the stack indicates the relative frequency of each nucleic acid at that position.
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spacing changes between wild-type and ISWI mutant salivary
gland chromatin. Drosophila salivary glands are actively
transcribing interphase cells. These cells undergo repeated
rounds of DNA replication without cell division forming giant
polytene chromosomes containing B1000 copy of chromati-
nized genomic DNA (GenDNA) per cell (Johansen et al, 1999;
Stephens et al, 2004). This chromatin organization reflects
the interphase chromosome physiology occurring in other
diploid tissues (Johansen et al, 1999; Stephens et al, 2004).
Therefore, we reasoned that salivary gland cells could be a
good source of Drosophila chromatin coming from an homo-
genous population of cells in interphase. Moreover, having a
very high chromatin/cell ratio, salivary gland cells are an
abundant source of nucleosomal DNA (NucDNA) suitable
for classic microarray-based identification of nucleosome
positions (Yuan et al, 2005).
Thus, we isolated NucDNA from wild-type and ISWI
mutant male and female salivary gland cells, and the purified
NucDNA was fluorescently labelled and competitively hybri-
dized against total GenDNA on a custom-tiled array with a
resolution of 20 bp (Supplementary Figure S7). Due to the
restraint in the number of sequences that we could print on a
single chip, the array was designed to have some of the top
ISWI-enriched sequences we found by ISWI-ChIP. We also
printed an equal number of DNA sequences corresponding to
genes whose expression is altered in ISWI mutants (Corona
et al, 2007). Finally, we printed contiguous DNA sequences,
equally distributed on the different Drosophila chromosomes
and covering each nearly 1 Mbp, encoding for genes not
linked with ISWI functions (ISWI-binding or ISWI-dependent
expression) and representing 490% of genes present in
the tiled array (Supplementary Figure S8; Supplementary
Table S2). The rational of such design was to have an array
not biased on genomic sequences exclusively linked to ISWI
function.
Based on this approach, the normalized raw log2
(NucDNA/GenDNA) ratio signal for each spot along the
overlapping tiled DNA sequences highlights nucleosomes as
peaks surrounded by lower ratio values corresponding to
linker regions (Supplementary Figure S7B) (Yuan et al, 2005).
However, the complexity of higher eukaryote chromatin
usually generates more complex and structured noise that
usually limits the identification of NucDNA (Kharchenko
et al, 2008). To overcome this limitations, we have recently
developed a new algorithm called multi-layer model (MLM)
that belongs to a class of methods successfully used in the
analysis of very noisy data because of their ability to recover
statistical properties of a signal, starting from several views of
the input data set (Di Gesu et al, 2009). Based on simulated
data, one of the predicted features of the MLM is its ability to
identify nucleosome positions on chromatin regions with
highly mobile or dense nucleosomes, which is typical of
higher eukaryote chromatin (Di Gesu et al, 2009).
One of the properties linked to the pattern/shape recogni-
tion feature integrated into the MLM approach is the ability to
recognize nucleosomes with different mobility ‘features’.
In particular, the MLM can identify ‘well-positioned’ nucleo-
somes corresponding to nucleosome characterized by
well-defined peaks (bell-shaped curve) covering about
150 bp, ‘delocalized’ nucleosomes representing single nucleo-
somes or arrays of nucleosomes with high mobility, and
finally ‘fused’ nucleosomes defining a single nucleosome that
occupies two distinct close positions (Figure 3A) (Di Gesu
et al, 2009). Distinct nucleosome mobility ‘features’ can
Figure 3 Multi-layer model (MLM) nucleosome classification. (A) ‘Well-positioned’ nucleosomes (in green) are shown as peaks of a bell-
shaped curve, ‘delocalized’ nucleosomes (in blue) represent single nucleosomes or arrays of nucleosomes with high mobility, while ‘fused’
nucleosomes (in red) reflect a single nucleosome that occupies two distinct close positions. On the left of the arrows are shown examples of
nucleosome configuration that may contribute to the log2(Nuc-DNA/GenDNA) ratio signal shape. The MLM detected all three classes of
nucleosomes with similar relative abundances between wild type (B) and ISWI mutant (C) chromatin. The MLM identifies with high reliability
well-positioned and delocalized nucleosomes around the well-characterized nucleosome promoter architecture of the (D) hsp26 and (E) hsp27
genes (Thomas and Elgin, 1988; Quivy and Becker, 1996). Delocalized nucleosomes are depicted as blue lines, while well-positioned
nucleosomes as green lines.
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underlie important regulatory functions, highlighting the
impact that the MLM can have on genome-wide nucleosome
identification studies in higher eukaryotes. Indeed, when
we applied the MLM approach on wild-type chromatin, we
successfully identified the typical nucleosome architecture
of the well-studied hsp26 and hsp27 gene promoters
(Thomas and Elgin, 1988; Quivy and Becker, 1996), high-
lighting the reliability and power of the MLM approach in
identifying nucleosome positions in higher eukaryotes
(Figure 3D and E).
When we applied the MLM to our tiled array data, we did
not find significant differences in the global relative percen-
tage of nucleosome mobility ‘features’ existing between wild-
type and ISWI mutant salivary gland chromatin (Figure 3B
and C). Thus, we next looked at potential differences in
nucleosome positioning near the TSS of all the genes present
in the tiled array. As previously reported in other eukaryotes
including flies, we found a well-defined nucleosome-free
region (NFR) mapping the TSS on all genes analysed
(Figure 4A and C). Interestingly, we also found one deloca-
lized nucleosome preceding and two delocalized nucleo-
somes following the TSS in wild-type chromatin (Figure 4A
and C). When we looked at the 30-end of the genes present in
the tiled array, we also found one delocalized nucleosome
mapping the end of the transcripts (Figure 4B and D). To our
surprise, when we extended our analysis to ISWI mutant
chromatin, we did not find any significant difference in
nucleosome positioning when compared with wild-type
chromatin (Figure 4A, B, E and F).
However, when we focused our attention exclusively on
ISWI-bound genes present in the tiled array, besides the NFR
mapping at the TSS, and the delocalized nucleosome preced-
ing the TSS, we found two well-positioned nucleosomes
following the TSS in wild-type chromatin (Figure 5A
and C). Remarkably, these two well-positioned nucleosomes
present in ISWI-bound genes after the TSS become deloca-
lized in ISWI mutant chromatin (Figure 5A and E). Similarly,
the nucleosome mapping at the 30-end also showed a ten-
dency to nucleosome delocalization in ISWI mutant when
compared with wild-type chromatin (Figure 5B, D and F).
The presence of delocalized nucleosomes at the level of the
TSS and 30-end of ISWI-bound genes was also validated by
classic clustered representation of raw nucleosomal data
signals (Supplementary Figure S9).
Figure 4 Differences in nucleosome positioning around the TSS and 30-end between wild-type and ISWI male chromatin. The average
log2(NucDNA/GenDNA) raw ratio of all the signals coming from wild-type (green) and ISWI mutant (red) male salivary gland chromatin of all
genes present in the nucleosome-tiled array is plot relative to the (A) TSS distance or the (B) 30-end distance. Nucleosome positions were
calculated with the MLM for (C) wild-type and (E) ISWI mutant chromatin near the TSS, and for (D) wild-type and (F) ISWI mutant chromatin
around the 30-end. The MLM analysis shows well-positioned nucleosomes as shadings of yellow, linker regions in red, while delocalized
nucleosomes in orange. The green and red ovals represent an interpretation of the MLM nucleosome positioning analysis in wild-type and ISWI
mutant chromatin, respectively. Filled ovals indicate well-positioned nucleosomes, while shaded ovals show delocalized nucleosomes.
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Interestingly, similar defects in nucleosome positioning
after the TSS were also found in genes whose expression is
repressed (Supplementary Figure S10), and to a lesser extent
in the ones that are de-repressed in the ISWI mutant
(Supplementary Figure S11) (Corona et al, 2007). These
effects are specific for ISWI because when we mapped
nucleosomes at the level of the TSS on genes that change
their expression in ISWI mutants, but with low frequency of
ISWI association (from now on referred as not bound), we
did not find significant differences in nucleosome positioning
between wild-type and ISWI mutant chromatin (Supplemen-
tary Figure S12).
The presence of an average delocalized nucleosome after
the TSS in the ISWI mutant chromatin (Figure 5E), may
reflect the presence of an heterogeneous population of
well-positioned nucleosomes with different phasing (see
green and red nucleosome tracks in Figure 6A) or highly
mobile nucleosomes in different ISWI-bound genes
(Figure 6B and C). Collectively, our data support a role for
ISWI in organizing nucleosome positions after the TSS of
ISWI-bound genes. However, the changes in nucleosome
positions we observe can be due to the indirect effects of
changes in transcription in the ISWI mutant. Therefore, we
looked at a possible correlation existing between changes
in transcription levels and nucleosomes positions in the
ISWI mutant, based on published genome-wide transcrip-
tome array data (Corona et al, 2007) as well as on new
RT–PCR data. Among ISWI-bound genes with changes in
nucleosome positioning, we found without distinction both
an increase or a decrease in transcription (Figure 6D; data not
shown). In conclusion, our analysis did not find any positive
or negative correlation between changes in transcription
levels and nucleosomes positions in ISWI-bound or not-
bound genes, when comparing wild-type and ISWI mutants.
Nevertheless, we cannot exclude that the changes in nucleo-
some positions we observe could be in part indirectly caused
by changes in transcription resulting from loss of ISWI
function.
Figure 5 Loss of ISWI causes nucleosome spacing defects after the TSS on ISWI-bound genes. The average log2(NucDNA/GenDNA) raw ratio
of the signals coming from wild-type (green) and ISWI mutant (red) male salivary gland chromatin of all ISWI-bound genes present in the
nucleosome positioning array is plot relative to the (A) TSS distance or the (B) 30-end distance. The nucleosome-free region (NFR) mapping the
TSS is indicated by the black arrow. Nucleosome positions were calculated with the MLM for (C) wild-type and (E) ISWI mutant chromatin
relative to the TSS, and for (D) wild-type and (F) ISWI mutant chromatin around the 30-end. The MLM analysis shows well-positioned
nucleosomes as shadings of yellow, linker regions in red, while delocalized nucleosomes in orange. The green and red ovals represent an
interpretation of the MLM nucleosome positioning analysis in wild-type and ISWI mutant chromatin, respectively. Filled ovals indicate well-
positioned nucleosomes, while shaded ovals show delocalized nucleosomes. The double-arrowed red bar indicates the region after the TSS
where we observe higher nucleosome mobility in the absence of ISWI.
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ISWI modulates nucleosome positions in gene
regulatory regions of dosage compensated genes
in both males and females
Apart from its role in transcription regulation, ISWI also has
an important global function in the regulation of higher-order
chromatin structure in vivo. Loss of ISWI in larval salivary
gland cells leads to the dramatic decondensation of the male
X chromosome (Deuring et al, 2000). In order to determine if
global differences in nucleosome spacing could account for
the male X chromosome condensation defects observed in
ISWI mutants, we systematically identified differences in
nucleosomal positioning occurring in genic and intergenic
regions between wild-type and ISWI mutant male and female
salivary gland chromatin (Supplementary Figure S13).
Using the normalized raw log2(NucDNA/GenDNA) ratio
signals or the MLM-calculated nucleosome positions (on
ISWI-bound and not-bound chromatin regions), the compar-
ison between wild-type and ISWI mutant chromatin revealed
many sites of altered nucleosome positioning (Supple-
mentary Figure S14A and B). Interestingly, these nucleosome
differences also tend to globally accumulate near the TSS,
though with peak values that do not match the gene intervals
where we observe the major changes in nucleosome posi-
tions in ISWI-bound genes (see the red arrows on
Supplementary Figure S14A and B and compare it with the
red double-arrowed bar on Figure 5E). Surprisingly, when we
mapped these genic and intergenic differences on each
Drosophila chromosomes, we could not detect a significant
enrichment in the relative abundance of nucleosome spacing
differences for the X chromosome or any particular chromo-
some arm (Supplementary Figure S14C and D). Our data
show that ISWI chromosome condensation defects are not
correlated with global ISWI-dependent nucleosome spacing
changes.
Since the majority of sequences present in our nucleosome
positioning array are represented by genes with low fre-
quency of ISWI association (490%; see Supplementary
Table S2; for simplicity from now on referred as not
bound), we reasoned that some of the global nucleosome
spacing differences we analysed and mapped were not en-
riched in ISWI-bound sequences. Therefore, we decided to
focus our attention only on nucleosome position changes
existing in ISWI-bound genes between wild-type and ISWI
mutant chromatin. Using both the raw data or the MLM-
calculated nucleosome positions, we found that nucleosome
position differences in ISWI-bound genes map after the TSS,
where we observed the major changes in nucleosome spacing
in ISWI-bound genes (see red arrows in Figure 7A and B and
compare it with the red double-arrowed bar in Figure 5E).
Interestingly, differences in nucleosome positioning, between
wild-type and ISWI mutant chromatin, tend to significantly
accumulate on the male X chromosome with respect to all
ISWI-bound genes analysed as well as the female X chromo-
Figure 6 Analysis of nucleosome positioning at specific gene loci
bound by ISWI. The normalized log2(NucDNA/GenDNA) ratio
(blue signal) was used to calculate the MLM nucleosome positions
in wild-type (green segments) and ISWI mutant (red segments)
chromatin in ISWI-bound genes (A) at the level of the promoter–
exon region, and on genes (B) negatively regulated or (C) positively
regulated by ISWI (for a complete list, see Supplementary Table S1B
and C) (Corona et al, 2007). Exons are represented by filled-in
boxes, introns by a continuous line, while the 50 and 30-UTRs by
thick lines. The transcription direction for each gene can be deduced
by the repeated small blue arrows present in the intron segments.
The grey bars highlight ISWI-bound region. The thick black bars
represent regions of chromatin with nucleosome positioning differ-
ences between wild-type and ISWI mutant chromatin. The black
arrows point at the nucleosome-free regions (NFR) present at the
level of the TSS. (D) Changes in transcription levels, between wild-
type and ISWI mutants, are measured by semi-quantitative RT–PCR
on some representative examples of ISWI-bound (þ ) and not-
bound () genes, where nucleosomes position differences (þ ) or
no-differences () are detected. The data were normalized for the
house-keeping gene Act5C that is not bound by ISWI and where no
nucleosome differences were observed. While genes bound by ISWI
with no nucleosome position changes (i.e. CG1179) do not show
changes in transcription, genes bound by ISWI (i.e. CG8732
& CG1765; the same analysed in panels (B, C)) showing nucleo-
some position changes also show a change in the level of their
transcripts when comparing wild type with ISWI mutants.
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some (Figure 7C). One easy way to explain the male X
chromosome tendency to accumulate differences in nucleo-
some positions is that ISWI is enriched on genes mapping the
X chromosomes. Indeed, we observed that ISWI binds genes
on the X with a statistically significant higher frequency
(Figure 7D).
Figure 7 ISWI binds dosage compensated genes to make their TSS nucleosome free. The density of nucleosome positioning changes occurring
between wild-type and ISWI mutant chromatin was calculated using the (A) normalized raw log2(NucDNA/GenDNA) ratio signal or (B) the
MLM, and was plot against the distance from the transcription start site (TSS) of ISWI-bound genes. The red arrow indicates where the
nucleosome difference density peaks relative to the TSS. (C) Nucleosome position differences between wild-type and ISWI mutant chromatin
for all ISWI-bound genes were calculated for each chromosome arm and plot against their expected values, based on the relative representation
of the different chromosome sequences in the nucleosome-tiled array. (D) The number of ISWI-bound genes for each chromosome arm was
calculated and plot against their expected values, based on the known number of genes mapping each chromosome. The P-values calculated
comparing the expected with the observed values are shown on top of each histogram pair. Nucleosome positions were calculated with the
MLM for (E) wild-type and (G) ISWI mutant chromatin relative to the TSS of ISWI- and MSL-bound genes, and for (F) wild-type and (H) ISWI
mutant chromatin relative to the TSS of genes not bound neither by ISWI nor MSL. The MLM analysis shows well-positioned nucleosomes as
shadings of yellow, linker regions in red, while delocalized nucleosomes in orange. The green and red ovals represent an interpretation of the
MLM nucleosome positioning analysis in wild-type and ISWI mutant chromatin, respectively. Filled ovals indicate well-positioned nucleo-
somes, while shaded ovals show delocalized nucleosomes. The black arrow indicates the nucleosome-free region at the TSS of wild-type ISWI-
and MSL-bound genes. The red double-arrowed bar indicates the region at the TSS where we observe nucleosome occupancy in the absence of
ISWI in ISWI- and MSL-bound genes.
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Sex chromosomes in flies, like in many eukayotes, undergo
the process of dosage compensation. In Drosophila, dosage
compensation is dependent on a multisubunit complex that is
specifically targeted to the male X chromosome, leading to
the acetylation of dosage compensated genes in lysine 16 of
histone H4 (H4K16Ac) by the MOF histone acetyltransferase
(Park and Kuroda, 2001). This histone modification is thought
to increase by two-fold the transcription of dosage compen-
sated genes, thus compensating for the presence of one
X chromosome in males (Smith et al, 2001). Remarkably,
when we compared the binding of ISWI to genes strongly
bound with the ones weakly bound by the dosage compensa-
tion complex on the X chromosome (Larschan et al, 2007),
we found a strong enrichment of ISWI binding on or near
dosage compensated genes (Supplementary Table S3;
Supplementary Figure S15A). Therefore, we decided to ana-
lyse differences in nucleosome positions existing in genes
strongly and weakly bound by the dosage compensation
complex on the X chromosome, present in our nucleosome
position array, and the effect of ISWI loss on those genes.
Our analysis revealed that ISWI-bound genes strongly
bound by the dosage compensation complex present on
average a well-positioned nucleosome before the nucleo-
some-free TSS (Figure 7E). On the other hand, several
delocalized nucleosomes occupy the TSS of ISWI-bound
genes weakly bound by the dosage compensation complex
on the X chromosome (Figure 7F). Similarly, when we
analysed nucleosome positions in wild-type female chroma-
tin, we found nucleosome positions around the TSS very
different from those found in all ISWI-bound genes (compare
Supplementary Figure S16 with Supplementary Figure S5C).
Our analysis shows that non-dosage compensated genes
mapping the X chromosome show a very peculiar nucleo-
some organization at the level of their TSS (absence of NFR)
in both males and females. Probably, in the absence of dosage
compensation on both males and females, this nucleosome
organization is functional to a specific transcriptional regula-
tion of those genes.
Remarkably, while the loss of ISWI has little effect on genes
weakly bound by the dosage compensation complex (com-
pare Figure 7F and H), the TSS of genes strongly bound by the
dosage compensation complex becomes occupied by a delo-
calized nucleosome in the absence of ISWI (compare Figure
7E and G). However, when we looked at nucleosome position
changes resulting from ISWI loss at the 30-end of dosage
compensated genes and in genes with low frequency of
association with the dosage compensation complex, we
found that loss of ISWI had little effect (data not shown).
Moreover, when we looked at female chromatin, we found
that changes in nucleosome positions around the TSS of
MSL-bound genes were very different from those found in
males. Remarkably, those changes did not affect the nucleo-
some-free TSS (compare Figure 7E and G with Supplementary
Figure S16A and C). Collectively, our data indicate that ISWI
binding on the X-linked genes causes specific nucleosome
changes in both male and female chromatin.
Discussion
The unusual sensitivity of the male X chromosome to the loss
of ISWI function has suggested in the past that changes in
chromatin structure that accompany dosage compensation
might regulate the ability of ISWI to remodel chromatin
in vivo. Indeed, dosage compensation is necessary and suffi-
cient for the chromosome defects observed in ISWI mutant
larvae (Corona et al, 2002). In particular, genetic studies have
shown that in the absence of ISWI the decondensed male X
chromosome is dosage compensated and that in vitro
H4K16Ac counteracts ISWI nucleosome spacing activity by
reducing ISWI binding to chromatin (Corona et al, 2002;
Shogren-Knaak et al, 2006). However, our data show that
ISWI binds dosage compensated genes affecting nucleosome
positioning near the TSS. Interestingly, it has been recently
shown that the dosage compensation complex preferentially
binds its target genes towards their 30-end (Larschan et al,
2007). When we mapped ISWI binding on MSL-bound genes,
we found that ISWI tend to bind the 50-end on those genes
(see Supplementary Figure S15B). Therefore, ISWI and the
MSL occupy complementary gene functional elements along
dosage compensated genes, making our nucleosome changes
observation consistent with published data.
In conclusion, we found that the loss of ISWI globally
causes subtle changes in nucleosome positioning. However,
these changes are highly localized and mainly concentrated
at level of the TSS, including the ones mapping the
X chromosome that are particularly enriched in dosage
compensated genes, probably explaining the specific sensi-
tivity of the male X for ISWI loss (Deuring et al, 2000; Corona
et al, 2002). Although our data suggest that in higher eukar-
yotes ISWI could regulate gene expression by remodelling
chromatin near gene regulatory regions, additional studies
will be necessary to understand the advantage of having
ISWI-sensitive-nucleosome-free TSS on dosage compensated
genes. Furthermore, our genome-wide analysis of ISWI bind-
ing and nucleosome spacing activity in Drosophila also
revealed that ISWI-dependent alterations in nucleosome po-
sitioning at the level of the TSS are unlikely to be correlated
with global chromatin structural alterations observed when
ISWI activity is lost. Collectively, our data provide new
insights on the role played by the evolutionarily conserved
chromatin remodelling factor ISWI in transcriptional regula-
tion and chromosome organization in higher eukaryotes.
Materials and methods
Drosophila stocks and genetic crosses
Flies were raised at 25 or 181C on K12 medium (USBiological).
Unless otherwise stated, strains were obtained from Bloomington
Stock Center and are described in FlyBase (http://www.flybase.
org). For nucleosomal and GenDNA preparation, ISWI1/ISWI2 male
larvae were obtained as previously described (Burgio et al, 2008).
ISWI ChIP
ChIPs were conducted starting from larval chromatin according to
previously published protocols (Larschan et al, 2007) with some
minor variations (see Supplementary data). All raw data files
relative to the ISWI-ChIP experiments are available at http://
math.unipa.it/pinello/iswi/iswi_raw.zip.
ISWI ChIP-on-chip and data analysis
Microarray hybridizations were performed according to NimbleGen
protocols on a three-array set covering the entire fly genome.
Microarray scanning and data extraction were conducted using
NimbleScan software (Kim et al, 2005). Genomic regions enriched
in ISWI were identified using the peak score function that takes into
account the length and intensity of the normalized raw log2
(ChIPISWI/input) signals (see Supplementary data). ISWI ChIP-on-
chip data derive from three biological replicates.
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Motif discovery analysis
We have studied the correlation existing between the number of
occurrences of a motif M in a data set D of sequences obtained from
the ISWI ChIP data, and the peak score corresponding to the same
sequences. In particular, after we identified the most significant
motifs with MDscan (Liu et al, 2002) or MEME (Bailey et al, 2006),
we correlated the number of occurrences of the motifs within the
sequence with the peak score of the sequence to which the motif
belongs to (see Supplementary data). Putative ISWI motif binding
factors were identified querying the TRANSFAC and JASPAR
databases to look for D. melanogaster homologues.
Nucleosome positioning array hybridization and data analysis
Salivary gland mononucleosomal DNA was purified and hybridized
competitively against total larval GenDNA on a custom-tiled array
(see Supplementary data).
Labelled genomic and mononucleosomal DNA were hybridized
over a custom-tiled arrays containing 7.7 Mbp of the Drosophila
genome, in 385 000 spots made of 50mer overlapped by 30 bp.
Microarray hybridizations were performed according to NimbleGen
protocols. Microarray scanning and data extraction were conducted
using NimbleScan software (Kim et al, 2005). Nucleosome position
data were derived from data coming from three biological replicates
each for wild-type and for ISWI mutants. All raw data files relative
to the nucleosome-tiled array experiments are available at http://
math.unipa.it/pinello/iswi/nucleosome_raw.zip.
Identification of nucleosome position differences between
wild-type and ISWI mutants
In order to find regions containing changes in nucleosome positions
between wild-type and ISWI mutant chromatin, we conducted an
analysis using both the raw signal as well as the nucleosome
classification of the MLM (see Supplementary data). Differences in
the raw signal were identified calculating the Z-score of the
ratio between the wild-type and the ISWI mutant data tracks
(Supplementary Figure S13). Differences encompassing at least
three probes with a Z-score value X2 were extracted. These
parameters are set to identify differences equal to a shift of half a
nucleosome.
Analysis of expected nucleosome occupancy near the TSS
and at the 30-end
To characterize the average nucleosome occupancy level at the TSS
and 30-end of the genes present in the nucleosome-tiled array, four
lists of genes have been considered: all genes covered by the
microarray, all genes repressed or overexpressed in ISWI mutant, all
genes nearby the binding sites of ISWI. Fragments of length of
1000 bp centred at the TSS or at the 30-end of each genes have been
extracted from each one of the four lists. The average of
nucleosomes occupancy of such extracted fragments was calculated
and represented as a raw signal or MLM output.
Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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